f Several genetic markers have been described for discriminating Leishmania species. In most reported cases, one or a few polymorphisms are the basis of species identification, and the methods were validated on a limited number of strains from a particular geographical region. Therefore, most techniques may underestimate the global intraspecies variability and are applicable only in certain areas. In addition, interlaboratory standardization is mostly absent, complicating comparisons among different studies. Here, we compared species typing results from all sequence polymorphisms found in four popular markers that can be applied directly on clinical samples: the miniexon or spliced leader, the internal transcribed spacer of the ribosomal DNA array, the 7SL RNA gene, and the heat shock protein 70 gene. Clustering was evaluated among 74 Leishmania strains, selected to represent a wide geographic distribution and genetic variability of the medically relevant species of the genus. Results were compared with a multilocus sequence typing (MLST) approach using 7 single-copy household genes and with multilocus enzyme electrophoresis (MLEE), still considered the gold standard by some. We show that strain groupings are highly congruent across the four different single-locus markers, MLST, and MLEE. Overall, the heat shock protein 70 gene and the miniexon presented the best resolutions for separating medically relevant species. As gene sequence analysis is validated here on a global scale, it is advocated as the method of choice for use in genetic, clinical, and epidemiological studies and for managing patients with unknown origins of infection, especially in Western infectious disease clinics dealing with imported leishmaniasis.
T he parasitic protozoa of the genus Leishmania cause a spectrum of diseases in humans, collectively called the leishmaniases. In its most benign form, referred to as cutaneous leishmaniasis, the disease manifests itself as a localized skin ulcer at the site of infection by the bite of a female infectious sandfly. Sometimes the parasites spread to other parts of the body, causing secondary lesions. In more severe cases, when the mucosa is infected, a condition known as mucosal leishmaniasis, the disease leads to disfiguring lesions of the nose and mouth. Finally, when the parasite colonizes internal organs such as the spleen, liver, and bone marrow, a condition referred to as visceral leishmaniasis, the disease becomes lethal. As the manifestation of disease depends, to a large extent, on the infecting species, so do the treatment options (1, 2) .
According to a recent estimate (3), leishmaniasis is endemic in 98 countries and 3 territories. Besides the indigenous population being at risk of infection, many active transmission areas are frequently visited by tourists, military personnel, expatriates, and people visiting friends and relatives. They can potentially import leishmaniasis into their home countries, and management of such cases calls for a globally applicable reliable species typing approach, as often the time and place of infection are difficult to assess. Also, in clinical and epidemiological studies at the species level, accurate typing tools that have been validated on a global scale are required in order to deal with changing epidemiology and uncharted genetic mutations.
Several molecular assays for discriminating Leishmania species, based on various genomic loci, have been described. Four of these targets are quite widespread in the literature: the miniexon (ME) or spliced leader (4, 5) , the internal transcribed spacer (ITS1) of the ribosomal DNA (rDNA) array (6) (7) (8) (9) (10) , the 7SL RNA gene (11, 12) , and the heat shock protein 70 gene (hsp70) (13) (14) (15) (16) .
In this paper, we set out to compare typing results on the basis of all sequence information present from these targets, rather than using size and single nucleotide polymorphism (SNP) techniques such as restriction fragment length polymorphism analysis, specific PCRs, and oligonucleotide hybridization. Even though sequencing is not available in primary health centers, it can nowadays be applied routinely in Western clinics, clinical trials, and epidemiological surveys, settings where a globally applicable typing strategy is most relevant.
Apart from a comparison of these four marker genes, we also compared the results to those from multilocus enzyme electrophoresis (MLEE) (17) and multilocus sequence typing (MLST) (18) (19) (20) . MLEE has for many years been the gold standard in species typing of Leishmania but has now been surpassed by molecular techniques such as high-resolution MLST, which is based upon sequence analysis of several household genes. We believe that our study will aid in interpreting and comparing reported species dif-ferentiation by different genes and methods and contributes to a more reliable distinction of species, both in settings where leishmaniasis is endemic or nonendemic and in laboratory and clinical applications.
MATERIALS AND METHODS

Strains.
A total of 74 clinical Leishmania isolates were selected to represent the genetic and geographical variability of the medically relevant species (Table 1; see also Table S1 in the supplemental material). The species of most of these strains was determined by MLEE, while the others were initially typed using amplified fragment length polymorphisms (AFLP) (21) or other molecular markers (22) . DNA was obtained from promastigote cultures, either from the French Reference Centre on Leishmaniasis (Montpellier, France) or from the culture collections of the Institute of Tropical Medicine Alexander von Humboldt (Lima, Peru) and the Institute of Tropical Medicine (Antwerp, Belgium). Various DNA extraction kits were used, such as the High-Pure PCR template preparation kit (Roche, Basel, Switzerland) and the QIAamp DNA minikit (Qiagen, Hilden, Germany).
Multilocus sequence typing. Seven genes were amplified from each strain, as described by El Baidouri et al. (20) : the putative elongation initiation factor 2 alpha subunit, the putative spermidine synthase 1, a zinc-binding dehydrogenase-like protein, a putative translation initiation factor alpha subunit, a putative nucleoside hydrolase-like protein, a conserved hypothetical protein, and the largest subunit of RNA polymerase II. After removal of the low-quality sequence reads and both PCR primers, the sequences from these genes were concatenated in a global alignment of 4,677 nucleotides, from which a neighbor-joining dendrogram was built on the basis of p distances, with pairwise gap exclusion. Bootstrap support was calculated from 2,000 resamplings. All analyses were performed using the software package MEGA5 (see www.megasoftware.net) (23) .
Heat shock protein 70 gene. The 1,286-bp fragment PCR-F was amplified as described previously (14, 16) and subsequently sequenced. A global sequence alignment was produced, which was facilitated because no size variation was observed. After elimination of the PCR primer sequences, a dendrogram was produced on the basis of the remaining 1,245 nucleotides, as described for MLST above.
7SL RNA gene. A PCR fragment was amplified as in Zelazny et al. (12) and sequenced. As size variation was minimal (184 to 187 nucleotides were amplified), a global sequence alignment was produced. After stripping of the primer sequences, a dendrogram was constructed as described for MLST.
rDNA ITS1. A PCR fragment was amplified as in Schönian et al. (8) . After sequencing of the PCR amplicon, the primers were stripped from the sequences, resulting in sequences of between 257 and 302 nucleotides. Because of this size variation, no reliable global sequence alignment was constructed, and a neighbor-joining dendrogram was built with the MEGA5 package, based on a guide tree produced from ClustalW version 1.7 (24) .
Miniexon. A PCR fragment was amplified as in Marfurt et al. (4) . After sequencing of the PCR amplicon, the primers were stripped from the sequences, resulting in sequences of between 176 and 397 nucleotides in size. Because of this excessive size variation, no reliable global sequence alignment was constructed, and a dendrogram was built as described above for rDNA ITS1. As some nucleotides were missing from the 5= start of the sequence in 6 isolates ( Fig. 1) , the stretch corresponding to the first 11 nucleotides following the forward primer was deleted from all sequences. Some isolates were only partially sequenced because of irresolvable sequence reads caused by an extensive homopolymer stretch that varied in size between the tandem repeated copies in the same genome, and these were omitted from the analysis (Fig. 1) . Table S1 in the supplemental material. Figure 1 shows the dendrogram obtained on the basis of the 7 genes used in the MLST analysis. Clusters corresponding to the recognized species are indicated on the nodes, with their respective bootstrap support. The MLEE-defined species L. major, L. aethiopica, L. tropica, L. lainsoni, and L. naiffi are all identified as separate clusters supported by a 99 or 100% bootstrap value, while L. mexicana is backed up by 71%. Also, L. amazonensis and L. guyanensis both form 100% supported groups, but with inclusion of L. garnhami and L. panamensis, respectively. As for L. donovani, this together with L. infantum and L. archibaldi constitutes a 100% supported cluster. Within this cluster, L. infantum isolates derive from a common point, and the species is supported with 75% provided strain MHOM/SU/84/MARZ-KRIM is considered L. infantum, as opposed to L. donovani as determined by MLEE (25) . Finally, L. braziliensis deserves some special attention. L. braziliensis and L. peruviana jointly form a cluster with a 100% bootstrap value. In this cluster, isolates referred to as L. braziliensis type 2 separate as a 100% supported subgroup that was previously identified in an AFLP analysis (group 3 in Odiwuor et al. [21] ). Its 97% supported sister clade, named L. braziliensis type 1, also comprises the L. peruviana isolates, which group with a 91% bootstrap value.
RESULTS
All GenBank accession numbers are listed in
The result with hsp70 is largely congruent with that from the MLST analysis, even though bootstrap values are somewhat lower ( Table  S1 in the supplemental material. The numbers in parentheses are the numbers of isolates tested (74 in total). b The number of isolates from each country is given in parentheses, except when only 1 isolate was used. Details for all of the strains and their WHO codes are listed in Table S1 in the supplemental material, which also lists the GenBank accession number for each sequence. panamensis) cannot be discriminated based on rDNA ITS1. Bootstrap analysis could not be performed as no global alignment was constructed. Sequence reads are often problematic in this region because of homopolymer tracts, requiring a manual time-consuming readout for the subsequent stretches. Using this technique, we resolved most sequences, but some are still lacking from the set (Fig. 1) . PCR amplicon size differences between the species are generally of no use for typing, as the ranges are largely overlapping ( Fig. 1 ; see also Fig. S3 in the supplemental material) .
The miniexon separates the same species as does MLST in the L. (Leishmania) subgenus ( Fig. 1 ; see also Fig. S4 in the supplemental material). Several L. infantum sequences are, however, lacking because of sequencing difficulties, which does not allow us to fully assess the clustering of all strains of this species. In the L. (Viannia) subgenus, no full-length sequences could be obtained from L. lainsoni, and L. peruviana could not be separated from type 1 L. braziliensis strains. Sequencing of the miniexon proved challenging in many instances because of intragenome variations of different tandem repeated copies, which is why several sequences are lacking from the analysis (Fig. 1) . Also, this marker does not allow bootstrap analysis as no global sequence alignment is possible. In the miniexon, size differences can be used to separate large species groups; the Old World L. Within these groups, size ranges for the different species mostly overlap and do not allow species discrimination by length alone. As for L. lainsoni, this species can be identified on the basis of partial sequences (data not shown).
DISCUSSION
When results from MLST, the four single-gene markers, and MLEE were compared, the following observations can be made for the species depicted in Fig. 1. • L. major can clearly be separated in every analysis; hence, its identification poses no problem. Fig. S1 to S4 in the supplemental material). For hsp70 and 7SL RNA, the numbers accompanying these lines indicate the bootstrap support of the respective clades. For rDNA ITS1 and ME, the size range of the PCR products is given for each species, as determined from the complete nucleotide sequences. For L. lainsoni, no complete sequences were obtained from the miniexon; the size range is an estimate from agarose gel analysis of the PCR amplicons. Strains are identified using their WHO code, as in Table S1 in the supplemental material, followed by the species as determined by MLEE, if available (maj, L.
braziliensis; guy, L. guyanensis; pan, L. panamensis). #, strain was not included in the 7SL RNA analysis because no sequences were obtained, ϳ, a lacking ITS1 sequence, *, no complete ME sequence could be determined,°, some 5= nucleotides were lacking from the ME sequence. OWL, Old World L. cept in hsp70 where the latter species diverges within the L. mexicana group, still allowing clear identification. Using the 7SL RNA gene, no distinction of the two species is possible.
• L. lainsoni is easily recognized in all assays, except for the miniexon, from which no full-length sequences could be obtained, even though partial sequences allow identification of the species.
• L. naiffi separates as a group in MLST and can be identified using rDNA ITS1 and the miniexon. With hsp70, one L. naiffi strain (MHOM/--/94/CRE58) is separate from the two remaining ones and does not cluster with any species.
• L. braziliensis type 2 is clearly a recognizable group separate from L. braziliensis type 1, and it can be identified by MLST, hsp70, rDNA ITS1, and the miniexon. MLEE does not recognize that this is a separate taxonomic unit and classifies it with other L. braziliensis, even though the MON141 zymodeme of MCAN/PE/91/LEM2222, the only isolate of the group for which MLEE data are available, is quite distinct. Also, a previous genome-wide AFLP analysis clearly demonstrated that the group was a separate entity (21 (21) . Also, in MLEE, only one protein (mannose phosphate isomerase) separates the two species, making its species status dubious at least (35) . In this analysis, we have considered L. peruviana as in Odiwuor et al. (21) .
• L. braziliensis type 1 forms a clearly defined group together with L. peruviana in MLST, hsp70, and the miniexon, but only in the former two can L. peruviana be separated from the remaining isolates of the cluster. Contrary to L. peruviana, L. braziliensis is known to frequently cause mucocutaneous leishmaniasis, which makes the distinction between the two species highly relevant (36).
• L. guyanensis is clearly recognized on the basis of MLST, hsp70, and the miniexon. As only one L. panamensis strain was included in our dendrograms, we cannot confirm the correct identification of this species on the basis of the markers studied here.
All four genetic markers gave highly congruent typing results, in line with the species as identified by MLST, which is considered to be one of the highest resolution methods apart from full-genome analysis. Nevertheless, all genes analyzed are located on different chromosomes, except 2 of the MLST genes that both map on chromosome 31 (Fig. 2) . Also, when the obtained species groups were compared with those from a protein characterization through MLEE, nearly perfect agreement was observed. This general concordance of all markers is in line with the apparent absence of recent interspecies recombination evidence as pointed out by multilocus sequence analysis (20) and the observed strong linkage disequilibrium in several Leishmania species, giving rise to stable multilocus genotypes and the existence of near-clades, which can persist despite frequent recombination events (37) . Hence, given combinations of gene variants are generally found in the same genomes, rather than being shuffled across different genomes.
Even though sequencing is now a common technique in reference laboratories and Western diagnostic settings, our approach remains limited to such environments, as it is not yet feasible to apply it on a routine basis elsewhere. For limited-resource labs, technically less demanding species typing tools such as those mentioned in the Introduction are available, even though in these settings, treatment choice is often guided by economic rather than diagnostic determinants (30) . Global typing methods that allow identification to the species level are primarily needed in epidemiological monitoring and genetic and clinical studies, in view of the changing global ecology and related alterations in species distribution. Also, infectious disease clinics dealing with imported leishmaniasis, the origin of which is not always clear as travelers frequently visit various areas or countries where leishmaniasis is endemic, will benefit from such techniques.
All PCRs from the individual markers used in this study have proven to be applicable directly on clinical specimens (4, 8, (11) (12) (13) (14) 16 ) and allow species identification on the basis of 1 PCR amplicon instead of the 7 amplicons used in MLST, without the need for parasite culturing, a technique that is time consuming and often not successful. The hsp70 target was identified as the best choice for high-resolution species discrimination, as it identifies the same species and species complexes as does the gold standard MLST applied here. A downside of hsp70 sequencing is the size of the PCR product, which is 1,286 bp. In our experience, some samples require amplification of 2 overlapping PCR fragments, either in a single round or by nested PCR (16) , but in most cases, the 1,286-bp fragment can be amplified from a single PCR. To obtain reliable Sanger sequence reads from both strands, 4 primers are needed. It is noteworthy that 3 shorter hsp70 fragments have been described and evaluated in clinical samples (13, 14, 16) . These are almost as effective for sequence-based typing as the 1,286-bp region used here (see Fig. S5 to S8 in the supplemental material), although the most suitable fragment is governed by the required discrimination. The miniexon provides nearly the same resolution as does hsp70, but its advantages are that the amplicon is much smaller and more copies are present in the genome, which may facilitate amplification of samples with low parasite loads (5). Sequencing can be completed with 2 primers, but it is often technically challenging or impossible mainly due to variations between the different copies in the same genome (38) . The rDNA ITS1 is equally advantageous in copy number and size (8) but provides poor resolution in the L. (Viannia) subgenus. Also for this marker, sequencing is challenging mainly because of homopolymer tracks. Finally, the 7SL RNA marker provides poor typing resolution in both the Old and New World species and is not recommended for accurate species identification. It should be noted that an extended 7SL RNA fragment (11) might improve the resolution obtained with this marker.
Finally, the full-sequence typing presented in this paper does not necessarily agree with an approach based on discrimination by single nucleotide polymorphisms (SNP) in the genes. As a single mutation at the site of a diagnostic species-specific SNP can lead to an erroneous typing result, this is less so for full-sequence analysis, which takes into account the sum of all sequence variations in the genes and is therefore less prone to errors.
In conclusion, we have shown that sequencing of a single gene is an accurate method for discriminating medically important Leishmania species. The highest resolution is obtained from hsp70 and the miniexon, but other markers can be used, depending on the origin of the sample or in the case that typing to the species level is not necessary. Genetic markers essentially result in the same species discrimination as does MLEE, allowing comparisons of studies using various typing methods.
